ZnSe 1-x S x crystals with a higher content of selenium or sulfur ions adopt, respectively, a wurtzite or sphalerite structure. Luminescent properties of ZnSe 1-x S x crystals are determined by ternary V Zn Zn i O Se complexes for crystals with a cubic (sphalerite) lattice, and by sulfur vacancies V S for crystals with a hexagonal (wurtzite) lattice. Light output of ZnSe 1-x S x crystals increases with increasing the sulfur content up to x = 0.3 and reaches the value of light output observed for 'classic scintillator' ZnSe(Te). At the same time, the ZnSe 1-x S x bulk crystals possess better thermal stability at the same energy of emitted photons (hn ~ 2 eV) as compared to that of the ZnSe(Te) crystals.
Introduction
Up to now, the possibility of obtaining scintillation materials based on A 2 B 6 mixed crystals (ZnSZnTe) has been shown [1] [2] [3] [4] [5] [6] . A 2 B 6 mixed crystals have found many applications, first of all, in development of detecting devices for introscopic systems and in multi-energy X-ray radiography [4, 7] . A low value of the effective atomic number for ZnS crystals sufficiently limits their use as scintillating materials [8] . On the other hand, the variation of the band gap width opens possibilities for obtaining ZnS-based materials with pre-determined scintillation properties [9, 10] .
Obtaining of ZnS x Te 1-x mixed crystals is difficult due to the limited solubility of their components and is possible only at 8-10% concentrations in accordance with the ZnS x Te 1-x state diagram [11, 12] . Among various A 2 B 6 solid solutions, ZnSe 1-x S x crystals are of especial interest. Unlimited ZnS-ZnSe mutual solubility makes possible obtaining of a ZnSe 1-x S x crystal with any x value [13, 14] . The change of the ZnS/ZnSe ratio for ZnSe 1-x S x single crystals opens a wide range of possibilities for tuning their properties, including scintillation ones [14] [15] [16] [17] . Moreover, ZnSe 1-x S x crystals have better transparency to their own radiation. The position of the energy levels of radiative recombination centres in the band gap of ZnSe 1-x S x crystals can be easily changed [18, 19] . There are different methods to obtain ZnSe 1-x S x mixed crystals, most of them using vapour phase growth methods [20] and only a few concern the directional solidification techniques which allow obtaining large ZnSe 1-x S x mixed crystals [21] [22] [23] .
In this work the growth, structure and luminescence properties of ZnSe 1-x S x crystals depending on the concentration x are discussed. The properties of mixed ZnSe 1-x S x crystals were compared with those of the classical ZnSe(Te) scintillators widely used as X-ray and gamma detectors.
Experiment
Solid-state reaction (SSR) and directional solidification (DS) methods were used for obtaining ZnSe 1-x S x mixed crystals. 4 Pa, t = 48 h) was used in order to form luminescent centres and to inhibit nonradiative relaxation channels by excited charge carriers.
The chemical analysis of ZnSe 1-x S x powders was carried out in order to determine their chemical composition. The selenium content was controlled by means of an atomic emission spectroscopy (AES) spectrometer Trace Scan Advantage Thermo Jarrell Ash. The afterglow level η(%) was measured by means of a measuring-computing system for the determination of kinetic characteristics. The system consisted of a RAPAN-200 (E ex = 100-160 keV) pulsed X-ray emitter, S8594 photodiode, currentvoltage converter (IUC), multiplexer (MUX), controller, analog-to-digital converter (ADC), personal computer, oscilloscope (C1-102) and an X-ray emitter control unit (BCX).
Scintillation emission spectra were measured under X-ray excitation using a REIS-I (Cu, U = 10-45 kV) X-ray source. Luminescence spectra were measured by a KSVU-23 spectrophotometer. Measurements of relative light output were performed using an X-ray tube with a tungsten anode and a PD-24 Smiths Heimann AMS-1 silicon photodiode. Transmittance spectra were measured using a single-beam Shimadzu UVmini-1240 spectrophotometer.
Results and discussion
The directional solidification method is rather expensive, so before crystal growth the optimal range of x for ZnSe 1-x S x should be chosen. Therefore, the SSR method was used to study the effect of the sulfur content on the properties of ZnSe 1-x S x crystals in the entire range of x.
Powders
Even a small concentration of uncontrollable impurities can change significantly the properties of sintering samples. Therefore, the chemical analysis of the initial powders and the SSR-ZnSe 0.4 S 0.6 sample was provided ( Table 1 ). The concentration of uncontrollable impurities was practically the same for the initial powders and SSRZnSe 0.4 S 0.6 sample except for the Si concentration. The solid-state reaction took place in a quartz boat leading to unavoidable Si inclusions in our sample. However, the Si content in our samples was less than 0.01 wt.%.
The normalized X-ray luminescence spectra of the ZnSe 1-x S x powders with a different ratio of components are shown in Fig. 1 . All luminescence spectra of the SSR-ZnSe 1-x S x samples with a wurtzite crystallographic structure consist of a single luminescence band with a maximum in the range from 500 to 530 nm (Fig. 1) . The decrease of the sulfur content leads to the shift of the luminescence band maximum to the longwavelength region. These luminescence bands can be related to the recombination of electrons from the conduction band to V S acceptor levels [24] [25] [26] . The change of the luminescence band maximum position is related to the shift of the fundamental absorption edge to longer wavelengths with the increase of the Se content [14, 27] . Further decrease of the sulfur concentrations leads to the wurtzite-sphalerite transition for SSR-ZnSe 1-x S x samples and a significant shift of the luminescence band maximum to the long-wavelength region (λ max = 635 nm, Fig. 1 , Curve 5). These luminescence bands can be associated with the ternary O Se V Zn Zn i complexes, which act as centres of radiation [18] . The afterglow determines the energy resolution and the speed of the detector. The largest afterglow level was observed for the SSR-ZnSe 0.03 S 0.97 sample reaching 11.18% after 3 ms (Table 2) . We suppose that the largest afterglow of SSR-ZnSe 0.03 S 0.97 is related to a larger concentration of free electrons that do not participate in recombination [28] . A further increase of the selenium content leads to the decrease of the afterglow, due to the formation of acceptor centres, which act as the capture centres of free electrons [24, 25] . The lowest value of the afterglow was detected for the SSR-ZnSe 0.93 S 0.07 samples (about 0.2%).
Bulk crystal
Data processing was carried out using the FullProf 3.0 program. The Rietveld analysis was applied to the 2θ XRD pattern of the ZnSe 1-x S x powdered crystals (Fig. 2) . According to the X-ray diffraction (XRD) results, all ZnSe 1-x S x crystals possess sphalerite-type cubic lattices without any additional peaks.
Luminescence spectra of the ZnSe 1-x S x bulk crystals (x = 0.05-0.4) were investigated (Fig. 3) . The luminescence spectra of the ZnSe 1-x S x crystals consisted of the band with the maximum in the range from 590 to 595 nm. Any sufficient differences in the luminescence properties of the samples were not revealed except for the DSZnS sample. For the DS-ZnS the luminescent band with a maximum at 470 nm was observed.
Previously it was shown that the luminescence bands with maximums at 460 and 605 nm corresponded to the self-activated luminescences of ZnS and ZnSe crystals, respectively [29] . The difference in the X-ray induced luminescence spectra of the ZnSe 1-x S x samples made by SSR and DS methods can be explained by the appearance of various types of point defects responsible for energy levels involved in radiative recombination.
The optical transmission spectra of the ZnSe 1-x S x bulk crystals were investigated (Fig. 4) . The inline transmissions were equal to 60% at 600 nm for all crystals indicating a high optical quality of the crystals. With an increase in the sulfur content, the absorption edge shifts to the short-wavelength region [14, 25] .
The relative light output and kinetic parameters of the ZnSe 1-x S x samples were studied (Table 3) . The ZnSe(Te) crystal after annealing in zinc vapour was taken as a reference. The relative light output of the DS-ZnSe 1-x S x samples before annealing in zinc vapour was worse than the reference. After the annealing, the relative light output of the ZnSe 1-x S x samples increased. This effect can be caused by an increase of the content of zinc vacancies V Zn . The light output of ZnSe 1-x S x crystals increases with increasing the sulfur content up to x = 0.3 for DS-ZnSe 0.7 S 0.3 compounds for which the light output reaches the value observed for the ZnSe(Te) 'classic scintillator' . The increase of sulfur concentrations leads to a higher content of V Zn Zn i O Se ternary complexes. Further increase of the sulfur content leads to the increase of defectiveness of the ZnSe 1-x S x crystals leading to the reduction of the light output. The highest light output was obtained for the DS-ZnSe 0.7 S 0.3 sample due to the optimal content of ternary complexes O Se V Zn Zn i .
In the scintillator research one is particularly interested in the scintillation decay time and afterglow. The decay time has effect on the energy resolution and speed of the detector. Afterglow determines the inertia of the scintillator and the dynamic range of the amplitudes of recorded signals. ZnSe 1-x S x mixed crystals have a short decay time and a low afterglow which makes these scintillators favourable for X-ray and gamma detectors (see Table 3 ).
The thermal stability of scintillators determines the possibility of using these scintillators in detectors operating at high intensity of radiations. The temperature dependences of relative light output were investigated ( The luminescence temperature quenching of ZnSe 1-x S x bulk crystals (where x = 0.05-0.4) is higher than for the ZnSe(Te) crystal at the same energy of emitted photons (hn ~ 2 eV). As a result, the thermal ionization of luminescence centres for the ZnSe 1-x S x bulk crystals is higher than for the ZnSe(Te) [30, 31] . The temperature dependence of the light output of ZnSe(Te) crystals show the nonstandard increase in the 250-350 K range. We suppose that was caused by the rearrangement of point defects in the so-called quasi-region.
Conclusions
ZnSe 1-x S x powders (where x = 0.07-0.97) were obtained by the solid-state reaction method. The decrease of sulfur concentration in ZnSe 1-x S x crystals leads to the shift of the luminescence band maximum from 500 to 530 nm up to x = 0.33. Further decrease of the sulfur content leads to the change in a crystallographic structure from wurtzite to sphalerite and a significant shift of the luminescence maximum to 635 nm. Such difference is caused by the change of the main type of luminescence centres from sulfur vacancies V S to ternary complexes O Se V Zn Zn i .
ZnSe 1-x S x bulk crystals were obtained by the Bridgman-Stockbarger method in the x = 0.05-0.4 range. The crystallographic studies of ZnSe 1-x S x bulk crystals (x = 0.05-0.4) have shown that all crystals adopt sphalerite lattices. Luminescence spectra consisted of the band with a maximum in the range from 590 to 595 nm at room temperature. The light output of ZnSe 1-x S x crystals increased with increasing the sulfur content up to x = 0.3 and reached the value of ZnSe(Te) 'classic scintillator' . At the same time, the ZnSe 1-x S x bulk crystals exhibit a better thermal stability as compared to that of the ZnSe(Te) crystals at the same energy of emitted photons (hn ~ 2 eV). The transparency and good luminescence properties of ZnSe 1-x S x bulk crystals grown by directional solidification techniques indicate the possibility of development of ZnSe 1-x S xbased X-and γ-ray detectors. 
